BACKGROUND: The photocatalytic treatment of the artificial sweetener saccharin 2
INTRODUCTION 1
Artificial sweeteners (ASs) have been recently recognised as emerging micro-contaminants 2 due to their increasing consumption, environmental persistence and widespread detection in 3 the water cycle.
1 ASs are high production volume chemicals used worldwide to sweeten 4 beverages, personal care products and pharmaceuticals. 2, 3 Municipal wastewater effluents are 5 the main entrance pathway of ASs in the aquatic environment and among them, saccharin 6 (SAC), acesulfame (ACE) and sucralose (SUC) are widely detected, at trace level 7 concentrations, in groundwater, surface and drinking water. 1, [4] [5] [6] [7] The unawareness of ASs' long-8 term ecotoxicological effects and their reported formation of toxic by-products during natural 9 attenuation, raise some important environmental concerns 5, 8 and further call for the 10 development of highly efficient treatment methods. 11 12 TiO2-mediated photocatalysis, an advanced oxidation process with well-proved efficiency in 13 degrading recalcitrant, non-biodegradable compounds 9,10 , has been recently studied for the 14 degradation of SUC, ACE and SAC and the obtained results are encouraging. 8, 11, 12 In principle, 15 photocatalytic oxidation is initiated upon UV illumination of TiO2; highly reactive species, 16 mainly hydroxyl radicals (HO • ), are then formed and non-selectively attack organic pollutants, 17 which are subsequently mineralized into CO2 and harmless inorganic products. 13, 14 Blacklight 18 (BL) fluorescent UV lamps are commonly used as irradiation source in photocatalytic 19 applications. Nevertheless, these are energy intensive devices and pose environmental hazards 20 due to their content in toxic chemicals (i.e. mercury and lead). 15 As a result, high operational 21 cost and increased environmental impact hinder the large-scale application of photocatalytic 22 process. 16 On this basis, UV light-emitting diodes (UV-LEDs) attract considerable attention 23 as eco-friendly alternatives to UV-BL lamps. LEDs' energy efficiency, extended lifetime and 24 less toxic nature (i.e. mercury and lead-free) can lower the cost and improve process 25
Photocatalytic experiments 20
Experiments were conducted in a batch-operated slurry photoreactor, applying a working 21 volume of 150 mL. For LED driven photocatalysis, a UVA emitter (λmax=365 nm; LZ4-22 00U600, LED Engin) was employed and mounted onto a heat sink to prevent radiant flux 23 decrease due to temperature rise. The LED assembly (Schematic 1) was placed directly above 24 the reactor and a quartz protective plate was placed between them. The second irradiation 25 source was a UV-BL fluorescent lamp (λmax=365 nm; PLS G23, Casell Lighting), housed in a 1 quartz tube and, for the sake of comparison, positioned on top of the photoreactor, at the same 2 height as UV-LED. Both set-ups were covered with an aluminium shield to prevent any light 3 diffusion out of the reactors and to minimise penetration of ambient light. The quartz glasses 4 were used to protect the lamps from water spills. UV-LED and UV-BL irradiation sources were 5 driven by electrical power of 11W and were connected in series to a DC power supply. In a typical run, SAC solution (2.5-10 mg/L) was loaded in the photoreactor and the desired 10 amount of catalyst was added. The slurry solution in the reactor was continuously stirred at 500 11 rpm with a magnetic stirrer to promote uniform dispersion of the photocatalyst powder and 12 dissolved oxygen. At the beginning of each experiment, the solution was stirred in the dark for 13 30 min to ensure adsorption-desorption equilibrium of SAC on TiO2 surface. The UV source 14 was then switched on and at regular time intervals samples were withdrawn and filtered through 15 0.45 μm syringe filters to separate catalyst particles and further analysed in terms of their SAC 16 concentration. All experiments were conducted at room temperature and at the natural pH of 17 SAC solutions (~ 4.6) . After 45 min of treatment, solution's temperature was found to increase 
Analytical techniques 21
SAC concentration in filtrate samples was measured by a high performance liquid 22 chromatography (HPLC) system (S200 Pump, S225 Autosampler, Perkin Elmer) coupled with 23 a diode array detector (S200 EP, Perkin Elmer) with a limit of detection (LOD) and limit of 24 quantification (LOQ) of 0.005 and 0.1 mg/L, respectively. Separation was performed on a7 reverse phase C18 analytical column (Luna® Phenomenex 5u, 250 x 4.6 mm). HPLC method 1 for SAC was obtained from Trandafil et al. (2009) 31 and was appropriately modified. The 2 mobile phase consisted of 85 vol. % 0.02 M KH2PO4 and 15 vol. % CH3CN fed at a flow rate 3 of 1 mL/min. The elution was isocratic and the injection volume was 40 μL. The detection 4 wavelength was at λ=216 nm. 5 6 The photon flux emission of the irradiation sources was determined by potassium ferrioxalate 7 actinometry, as described by Murov 32 , and found to be 3.32×10 -6 and 3.15×10 -7 Einstein/s for 8 UV-LED and UV-BL lamp, respectively. The spectral distribution of UV-LED and UV-BL 9 was measured by a Labsphere E1000 spectral irradiance receiver with a concentrator area of 1 10 cm 2 and are presented in Figure 1 . 11 Focus II was operated in negative ionization mode. Dry gas at 8 L/min, nebulizer press at 2.4 21 bar, dry heater at 200° C, hexapole RF at 100 Vpp and capillary were adjusted at 4200 V. 22
Energy consumption 24
The energy consumption of artificial lighting constitutes a major fraction of the operating costs 1 in UV photocatalysis. Bolton et al. (2001) introduced the electric energy per order, EEO, defined 2 as the energy required for 90% degradation of a pollutant per cubic meter of contaminated 3 water.
33 EEO (kWh/m 3 /order), for a batch-operated reactor, is calculated from the following 4
where P is the electrical power of the irradiation source (kW), t is the irradiation time (min), V 7 is the volume of the treated effluent (L), and Ci and Cf are the initial and the final pollutant 8 concentrations (mg/L), respectively. 9
10

RESULTS AND DISCUSSION 11
Effect of initial SAC concentration 12
Initial SAC concentration in the range of 2.5-10 mg/L was applied to assess its effect on 13 photocatalytic performance, in the presence of 125 mg/L TiO2. In both cases, the pseudo-first-14 order reaction model was found to describe well the photocatalytic removal of SAC (Table 1) . 15 As seen in Figure 2 , increase in the initial SAC loading resulted in decreased removal 16 efficiency. Specifically, increase of SAC concentration from 2.5 to 10 mg/L led to removal 17 decrease from 99.9 to 86.1% (with k=0.198-0. were performed to assess the effect of catalyst on process efficiency and its adsorption capacity. 10
As presented in Figure 3 , photocatalysis was shown to be the main removal mechanism, since 11 SAC concentration remained almost unchanged after 45 min of photolysis or treatment in the 12 dark. 13
The effect of catalyst concentration on process efficiency was then investigated by applying for adsorption and generation of a greater amount of oxidizing species. However, at higher 22 TiO2 concentrations removal efficiency becomes independent of catalyst mass, as it was 23 observed in the present study, due to agglomeration of TiO2 particles and subsequent reduction 24 in available surface area, as well as, due to increased opacity and light scattering that further 1 reduce the light passage through the solution. The hydroxylation mechanism proposed in the present study is consistent with previous work 10 that reported relatively high reactivity of hydroxyl radicals towards the studied sweetener and 11
proposed that the oxidation mechanism involves the addition of hydroxyl radicals in the 12 aromatic ring, resulting in hydroxylated products 37 . 13
Hydroxylation of phenyl ring as well as N atom can be considered. Sequential hydroxylation 14 of the above-mentioned TPs results to di-and tri-hydroxy derivatives (TP7 and TP1). The 15 sequential steps of hydroxylation are also confirmed by the evolution profiles of TPs ( Figure  16 6) revealing that TP7 and TP1 peak concentrations are recorded in longer irradiation times than 17 that of monohydroxylated TPs. 18
Based on the fact that mono-hydroxylated TPs attained their maximum concentration within 19 the first stages of the process, they can be characterized as primary TPs. TP7 and TP1, di-20 hydroxylated and tri-hydroxylated products, are recorded in longer irradiation times 21 simultaneously with the slower degradation of mono-hydroxylated derivatives, proving the 22 sequential steps of hydroxylation. Their rapid disappearance can be associated with the 23 formation of ring opening products and the favored cleavage of the molecule after successful 24 hydroxylation. TP5 is the most abundant mono-hydroxylated product identified during thephotocatalytic degradation of saccharin and shows a slower degradation rate during the process 1 and a prolonged irradiation time for its complete removal. 2
Cleavage of the C-N bond of sulfonamide group and further oxidation leads also to the 3 formation of TP2 and TP3, bearing amine and/or carboxylic acid functional groups. As 4 depicted in Figure 6 , under UV-LED irradiation all the TPs are completely removed between 5 30-120 min. On the other hand, some TPs remain at trace levels after 300 min of treatment 6 using UV-BL as irradiation source. Short-chain carboxylic acids, such as oxalic, formic, and 7 maleic acid is expected as end-products from the oxidative transformation of SAC primary TPs 8 using advanced oxidation processes as reported elsewhere. It becomes obvious from the results presented so far that the irradiation sources, although 18 driven by the same electrical power and having the same λmax=365 nm, resulted in different 19 SAC degradation yields, with UV-LED leading constantly to higher oxidation rates than UV-20
BL. 21
Catalysts' activity depends strongly on photon energy (i.e. wavelength) and TiO2 (P25) is 22 sufficiently photo-activated at λ<380 nm.
13 Figure 1 presents the spectral irradiance 23 distribution of the two light sources; as can be seen, UV-LED has a narrow band emissioncentred at about 370 nm so the catalyst can absorb all the incident radiation. However, the 1 broadband spectrum of the UV-BL lamp consists of a higher fraction of photons with λ>380 2 nm that are beyond the action spectrum of catalyst, thus resulting in decreased oxidation rates 3 when compared to UV-LED. 4
The photon flux is another critical, and possibly the most important, parameter to be 5 considered. Increased photon flux can lead to the formation of more hydroxyl radicals and 6 therefore higher oxidation rates of organic substances. 39 As was revealed by potassium 7 ferrioxalate actinometry, the incident photon flux on reactant solution under UV-LED 8 irradiation (i.e. 3.32×10 -6 Einstein/s) was an order of magnitude higher than that of the UV-BL 9 lamp (i.e. 3.15×10
-7 Einstein/s), explaining the higher photocatalytic efficiency under UV-LED 10 irradiation. This tenfold gap is due to the different directionality of the light sources. UV-BL 11 lamp emits light in all directions, and even though aluminium foil is used to reflect the 12 irradiation back into the photoreactor, a fraction of the emitted photons is lost. On the other 13 hand, UV-LED produces a directional beam of light so there is no leak of UV light outside the 14
reactor. 15
Under a closer look, although the light intensity provided by the UV-LED is 10 times higher, 16 k values, during LED-photocatalysis, were 4-9 times higher than those of UV-BL, implying a 17 lower apparent photonic efficiency (i.e. ratio of reaction's rate to the rate of incident photons) 18 than UV-BL. The reaction rate increases linearly with light intensity up to a point and then it 19 increases with the square root of the light intensity 39,40 due to the higher recombination of the 20 photogenerated electron-hole pairs. 41 That means that increase in light intensity enhances to a 21 lesser extent the process efficiency, thus lowering the photonic efficiency. This tendency has 22 been also reported by Chen et al. (2007) and Coutts et al. (2011) 40,42 and highlights the need 23 for the right balance between removal efficiency and energy consumption when it comes to the 24 determination of light intensity.14 1
Energy consumption 2
The energy consumption, EEO, of the two irradiation sources was estimated by Equation (1) UV-LED and UV-BL, respectively. In all cases, UV-LED was found to be more energy-9 efficient than UV-BL photocatalytic treatment, since the first requires less treatment time to 10 achieve SAC removal than the latter. (ii) cleavage of the C-N bond and (iii) oxidation reactions. 13 -The irradiation source has a critical effect on process efficiency. In all cases, UV-LED 14 yielded higher removal rates than conventional UV-BL irradiation. The superior 15 performance of LED driven photocatalysis is attributed to the higher photon flux 16 reaching the reactant solution due to UV-LED's directionality. Therefore, LED was 17 found to be significantly more energy and cost-efficient than BL photocatalysis. 18
All in all, UV-LED/TiO2 photocatalytic oxidation is proved to be promising for water treatment. Photodegradation kinetics of formaldehyde using light sources of UVA, UVC and 13 UVLED in the presence of composed silver titanium oxide photocatalyst.
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